We report a substantial increase of the rate of internal relaxation in dust grains containing superparamagnetic inclusions. The effect arises from the increase of dissipation induced by the Barnett effect. The increase of the internal relaxation induces higher coupling of the rotational and vibrational degrees of freedom of grain with important consequences to thermal trapping of grains. In terms of the alignment of grains by radiative torques, which is currently is the prefered mechanism for alignment, first of all, the enhanced Barnett magnetization induces faster Larmor precession of grains, which affects, for instance, the moment when the radiative torque alignment occurs in respect to light direction rather than the direction of magnetic fields. More importantly, we show that the alignment of grains with superparamagnetic inclusions is different from that of ordinary paramagnetic grains. If for the latter the dissipation induced by magnetic field is negligible, for superparamagnetic grains, it changes the character of radiative torque alignment, inducing perfect alignment instead of a partial one.
INTRODUCTION
Alignment of dust in magnetic fields is a one of the astrophysical problems of the longest standing. Discovered by Hiltner (1949) and Hall (1949) via observation of the polarization of starlight attenuated by interstellar dust, grain alignment has shown its signatures in dusty astrophysical environments, from interplanetary space (see Rosenbush ...., Rosenbush et al. 2007 ) to circumstellar regions (see Aitken et al. 2002) . It is claimed in a review by Lazarian (2007) that grain alignment is, indeed, ubiquitous with future observations bound to see it in a wider variety of circumstances. We note, that it is widely believed, that, in most instances, aligned grains trace astrophysical magnetic fields, providing an excellent diagnostics of magnetic field structure.
The textbook solution of the grain alignment problem was suggested by Davis & Greenstein (1951) . They observed that a grain with angular velocity perpendicular to the interstellar magnetic field will experience remagnetization as it rotates. This induces dissipative torques or paramagnetic relaxation, that, henceforth, we term DG relaxation. As a result of DG relaxation, grains Davis & Greenstein (1951) concluded that should tend to rotate with angular velocities parallel to magnetic field and long grain axes should have tendency to be perpendicular to magnetic field.
However, the inefficiency of the DG relaxation in ordinary paramagnetic material induced Jones & Spitzer (1967) to conjecture that grains may have ferromagnetic, ferrimagnetic and superparamagnetic inclusions (see Appendix A, for simplicity we talk only about superparamagnetic inclusions). However, later research showed that, even with these inclusions, grains cannot be aligned to a sufficient degree in molecular clouds, as to explain observational data (Roberge & Lazarian 1999) . We discuss below why DG process also fails in diffuse interstellar gas.
The difficulty of formulating grain alignment problem stems from two factors. First of all, interstellar grains are involved in many different interactions. They interact not only with magnetic fields, but also with light, gaseous flow, cosmic rays. Then, grain alignment involves many processes that happen at very different time scales. For instance, for interstellar grains, this may fast rotation with a period τ rot less than 10 −5 s, which is also of the order of the time scale of wobbling of a free rotating irregular grain. The time scale for the alignment does depend on the mechanisms involved, but it is definitely many orders of magnitude longer. A fiducial time scale that is frequently mentioned in relation with grain alignment is the gaseous damping time τ gas , which for a typical interstellar grain can be as long as 10 11 s. Grain alignment research has proven to be a problem that involves a lot of exciting physics. For instance, thinking of the alignment, Purcell (1979) reported a new effect that he termed Barnett relaxation. The process discovered is a way for a wobbling grain to dissipate its energy and get into the state of principal axes rotation, namely rotation about its axis of maximal moment of inertia (henceforth, maximal inertia axis). To understand the effect of relaxation one should recall that a rotating paramagnetic body develops magnetization along its angular velocity vector, which is well known Barnett effect (Barnett 1915) . As a free-rotating body wobbles, the vector of angular velocity and therefore also the magnetization direction moves in body coordinates. The latter induces grain remagnetization and dissipation. Purcell (1979) showed that the effect is much stronger for interstellar grains than the usual inelastic relaxation, which also acts within wobbling grains. The time scale of relaxation discovered, e.g. τ Bar ∼ 10 7 s, were so short for interstellar grains compared to τ gas that it even created an illusion that the problem of grain alignment can be at last simplified by assuming that the grains are always rotating about their maximal inertia axes, i.e. without wobbling. This fallacy was disproved in Lazarian (1994) , who showed that the internal relaxation cannot be complete in the presence of the thermal fluctuations within grain body material. This finding entailed a number of consequences, including a new effect of grain thermal flipping reported in Lazarian & Draine (1999) . That effect was shown to suppress uncompensated torques, e.g. the torques arising from recoils of nascent H 2 molecules formed at catalytic sites on the grain surface (Purcell 1979) , limiting the ability of grains to rotate faster than thermal speeds.
Fast rotation was the essence of the Purcell (1979) mechanism of grain alignment. Purcell (1979) appealed to the DG relaxation of ordinary paramangetic interstellar grains in the ambient magnetic field, but showed that the efficient spin-up by uncompensated torques (e.g. H2 torques) can make grains not susceptible to the randomization via gaseous bombardment. With fast flipping, grains were shown to be thermally trapped (Lazarian & Draine 1999) and therefore the paramagnetic mechanisms was shown to be unable to explain interstellar alignment.
This made the alternative alignment process, i.e. the alignment by radiative torques (henceforth, RATs), much more appealing. The RAT alignment was introduced by Dolginov & Mytrophanov (1976) , but was mostly for 20 year, i.e. till Draine & Weingartner (1996) showed numerically that RAT acting on irregularly shaped grains are strong. An interesting property of RATs is that they can provide alignment on their own, without the necessity of paramagnetic relaxation. The alignment would happen in respect to magnetic field, as rapid Larmor precession of grains with τ L which for typical aligned interstellar grains can be ∼ 10 5 s, ensures that magnetic field acts as the axes of alignment (see Dolginov & Mytrophanov 1976 , Lazarian & Hoang 2007 .
Does it mean that the problem of grain alignment has been solved? While a simple analytical model (AMO) of RAT alignment provided in Lazarian & Hoang (2007) was able to account for many properties of the observed alignment, more research is definitely necessary. What if grains have strongly magnetic inclusions, as was suggested in Jones & Spitzer (1967) ? Given the abundance of iron in dust, this would not be a far fetched suggestion (see also Bradley 1994). For paramagnetic grains the effects of paramagnetic relaxation are negligible as gas damping time is usually much shorter than the paramagnetic relaxation time (see estimates in Roberge & Lazarian 1999). However, paramagnetic relaxation can be much faster for grains with magnetic inclusion and, therefore, such a relaxation should be taken into account. In addition, supermagnetic inclusions may modify not only alignment, but also thermal wobbling of grains. This is important, as thermal flipping happened to be present within the picture of the RAT alignment (Weingartner & Draine 2003 , Hoang & Lazarian 2007 ). Indeed, it is possible to show that, depending on the frequency of grain flipping, RATs can untrap the grains (Hoang & Lazarian 2008) . As this frequency depends on the efficiency of the internal relaxation, this calls for revisiting the problem of Barnett relaxation within grains with strong magnetic response.
BARNETT RELAXATION IN SUPERPARAMAGNETIC GRAINS
Barnett effect can be well understood classically if one considers instead of an electron spin a gyroscope with a momentum J. As the grain rotates with angular velocity Ω, the torque acting on a spin is equal to
The equivalent torque can be induced by magnetic field H B acting along the grain angular velocity axis, i.e. 1/cµ × H B , which provides the Barnett-equivalent field H eqv = Jc µ Ω. The magneto-mechanical ratio for an electron is γ = µ/(Jc) = e/mc, where e and m are the electron charge and mass respectively. Thus the Barnettequivalent field is H eqv = Ω/γ. A quantum mechanical derivation of the same expression is presented, for instance, in Lazarian & Draine (1999a) .
The Barnett-equivalent magnetic field induces grain magnetization M = χH eqv = χΩ/γ. Purcell (1979) noticed that when a grain wobbles, the precession of Ω in grain axes induces the precession of the vector of magnetization M, which causes energy dissipation. For a grain at an absolute zero temperature this would result in the grain getting to rotate about its axis corresponding to the maximal moment of inertia. For grains at finite temperatures, the relaxation induces important coupling between rotational and vibrational degrees of freedom, which results in many important effects (Lazarian 1994 , Lazarian & Roberge 1997 , Lazarian & Draine 1999a . We expect for grains with enhanced magnetic susceptibilities, i.e. larger χ both the magnetization and the relaxation that this magnetization entails to be enhanced.
To quantify the effect, consider the internal relaxation associated with the Barnett magnetization of a wobbling oblate grain. The angle θ between the axis of maximal moment of inertia and the angular momentum vector J changes according to Lazarian & Draine (1999a) as
where I and I ⊥ are the moments of inertial parallel and perpendicular to the axis of maximal inertia, h ≡ I /I ⊥ , ω = (h − 1)J cos θ/I is the precession frequency, V is the grain volume, χ " is the imaginary part of magnetic susceptibility, and f (h, θ) is a function of order unity that takes into account details of spin-lattice coupling. For sufficiently slow rotation, e.g. Ω < 10 6 this function is identically unity and Eq. (1) coincides with the result in Purcell (1979) .
The issue of succeptibility that of grains with superparamagnetic inclusions has been addressed in earlier studies. Jones & Spitzer (1967) proposed that interstellar grains may contain clusters of atoms, e.g. Fe-atoms, that spontaneously magnetize into a single domain. A general susceptibility of the grain with superparamagnetic inclusions is given in Draine & Lazarian (1999) . If, however, we consider only low frequency response of the material, superparamagnetic inclusions containing N cl atoms act in the external magnetic field as magnetic moments of the moment N cl µ, where µ is the moment of an individual atom. This increases the magnetic response of the superparamagnetic grain by a factor of N cl , which may vary from approximately 10 to 10 6 (see Kneller & Laborsky 1963 , Billas et al. 1994 .
If the magnetic moment of electrons on the outer partially-filled shell is pµ B , where µ B ≡ e /2m e c is the Bohr magneton, while for bulk Fe we take p = 2.22 (Mor-ish 1980), then for zero-frequency susceptibility of a grain is (see Draine 1996) 
where f p ≈ 0.01 is the fraction of Fe atoms,n 23 ≡ /(10 23 cm −3 ) andT 15 ≡ T /(15 K) are normalized grain density and temperature, respectfully. Adopting critically damped susceptibility from Draine & Lazarian (1999) one can write the imaginary part of the grain susceptibility as
where Combining Eqs. (1), (2) and (3) one obtains for an a × a √ 3 × a √ 3 brick the time of alignment equal to
which is a factor ∼ N cl smaller than the usual Barnett relaxation time.
RATE OF FLIPPING FOR SUPERPARAMAGNETIC

GRAINS
Lazarian & Draine (1999) obtained the following expression for the grain flipping time
where τ Bar is the relaxation time, J is the magnitude of the angular momentum, and
is the angular momentum of dust grain corresponding to the dust temperature T d ; I 1 is the moment of inertia of the maximal inertia axis a 1 and k B is the Boltzmann constant.
For superparamagnetic grains, equation (5) is replaced with τ Bar,sup , which is the Barnett relaxation time of a superparamagnetic grain. This rate is N cl times shorter the usual paramagnetic relaxation. As a result of faster flipping, uncompensated Purcell torques acting upon grains change their direction much faster. Thus in the presence of only Purcell's torques the grains tend to rotate longer at thermal velocities, being thermally trapped. Lazarian & Draine (1999b) showed that, apart from Barnett relaxation, another type of relaxation, which they termed "nuclear relaxation" exist. That type of relaxation arises from Barnett effect acting on spins of nuclei within a grain. While the Barnett magnetization arising from the effect is 1000 times smaller than the magnetization arising from electron spins, counterintuitively, nuclear relaxation was shown to be approximately 10 6 times faster than the Barnett relaxation. We note that in the presence of superparamagnetic inclusions nuclear relaxation get also modified. This effect arises from the interaction of nuclear moments with the superparamagnetic inclusions that act as single magnetic moments of the value N µ. Figure 1 illustrates the relative roles of the Barnett relaxation process in paramagnetic and superparamagnetic grains, as well as, nuclear relaxation. We see that the superparamagnetic grains at the sizes .... < a < .... get more strongly trapped than ordinary paramagnetic grains. The effect depends on N , which was traditionally the parameter that researchers were attempting to increase to make superparamagnetic alignment more efficient. We see, that, traditional paramagnetic alignment gets inefficient even for superparamagnetic grains, as, they tend to be trapped and rotate thermally with the temperature corresponding to the temperature of the ambient gas. Note, that earlier research frequently assumed that superparamagnetic grains rotate fast subject to uncompensated torques and provide perfect alignment (Spitzer & McGlynn 1979) .
RAT ALIGNMENT OF SUPERPARAMAGNETIC GRAINS
As we mentioned earlier, the effect of DG relaxation is negligible for ordinary paramagnetic grains in the presence of RATs, at least for interstellar conditions. As we see in Fig Figure 2 , we see that without the DG relaxation (or in its presence, but assuming that grains are paramagnetic), only lower attractor point is being observed in the phase trajectory map (upper panel), a new high attractor point appears in the phase map when the grain is superparamagnetic (lower panel).
If gaseous bombardment is included, then, as it was shown in Hoang & Lazarian (2008) , grains are being kicked out from low-J attractor point and end up at high-J attractor points. This process is the same, irrespectively of the presence of superparamagnetic inclusions. What superparamagnetic inclusions do, they transfer a repellor point into an attractor one. As a result, grain alignment with R ≈ 1, i.e. perfect alignment of grains in respect to magnetic field, is achievable.
What are the degrees of the DG-relaxation enhancement that are required to create high-J attractor points? The answer depends on the angle between radiation direction and the magnetic field ψ and grain properties, that were shown in Lazarian & Hoang (2007) can be conveniently parametrized by the ratio Q = Q e1 /Q e2 , where Q e1 is the component of the torques parallel to vector k and Q e2 is the component of the torques in the plane of grain maximal inertia axis a and k. To represent RATs we use an analytical model (AMO) of radiative torques which we introduced in Lazarian & Hoang (2007) . This model was shown to represent correctly the properties of RATs acting on irregular grains if we adjust the amplitude of the Q-ratio 1 . Let us estimate roughly when there are high-J attractor points in the presence of superparamagnetic inclusion. For simplicity, we consider the case ψ = 0 0 , and the default AMO with α = π/4, neglecting the thermal fluctuations, the aligning torque component reads (7) It is obviously that the stationary point ξ s = 0 (i.e. F = 0) remains unchanged. Also, the spin-up torque is not affected by the DG relaxation either. As a result, the stationary point ξ s = 0 is an attractor point when
At the stationary point ξ s = 0, H > 0, therefore, using equation (6) and (8) one obtains 
where q max = Q max e1 /Q max e2 . Our calculations show that for q max = 1.2, which corresponds to the value q max of the Shape 4 grain and wavelength of radiation λ = 1.2µm, the enhancement of paramagnetic susceptibility necessary to convert the repellor points into attractor points is t ′ DG ≤ 2t gas for ψ = 0 0 , which is similar to what given by equation (11). If we use numerical values of the torques obtained for the Shape... grain using DDSCAT code (see Draine & Flateu. ..) we get the necessary value of ..., which is very close to what AMO gives us. For experimentally studied in Lazarian & Hoang (2007) arbitrarily chosen grain shapes the corresponding q max varied from ... to ..... If we vary Q over 10 times wider range, we get the required enhancements of DG-relaxation of the order of .... This is easily achievable for grains having superparamagnetic inclusions with N ∼ ... atoms. It is clear that such superparamagnetic inclusions can substantially enhance the degree of grain alignment. Elsewhere, we provide detailed calculations of the alignment of the superparamagnetic grains in the presence of gaseous bombardment.
To distinguish the RAT alignment in which magnetic field is only important in terms of inducing fast Larmor precession, from a hybrid type alignment that includes an additional process, namely, DG relaxation within superparamagnetic grains we shall call the latter process superamagnetic RAT alignment, or, in short, SRAT alignment.
